Increased mitochondrial Ca 2+ accumulation is a trigger for the release of cytochrome c from the mitochondrial intermembrane space into the cytosol where it can activate caspases and lead to apoptosis. This study tested the hypothesis that Ca 2+ -induced release of cytochrome c in vitro can occur by membrane permeability transition (MPT)-dependent and independent mechanisms, depending on the tissue from which mitochondria are isolated. Mitochondria were isolated from rat liver and brain and suspended at 378C in a K + -based medium containing oxidizable substrates, ATP, and Mg 2+ . Measurements of changes in mitochondrial volume (via light scattering and electron microscopy), membrane potential and the medium free [Ca 2+ ] indicated that the addition of 0.3 ± 3.2 mmol Ca 2+ mg 71 protein induced the MPT in liver but not brain mitochondria. Under these conditions, a Ca 2+ dosedependent release of cytochrome c was observed with both types of mitochondria; however, the MPT inhibitor cyclosporin A was only capable of inhibiting this release from liver mitochondria. Therefore, the MPT is responsible for cytochrome c release from liver mitochondria, whereas an MPT-independent mechanism is responsible for release from brain mitochondria.
Introduction
Substantial evidence indicates that in many apoptotic cell death paradigms, proteins are released from mitochondria into the cytosol where, together with other factors, they form the apoptosome complex that activates the caspase cascade of cell death protease activities. 1, 2 The best characterized of these mitochondrial factors is cytochrome c, a 12.5 kDa soluble protein normally located exclusively in the intermembrane space between the inner and outer mitochondrial membranes. Although its normal function is to transport electrons between electron transport chain complexes III and IV, when present in the cytosol, it can combine with Apaf1, dATP, and caspase 9 to form the apoptosome. Known molecular triggers for the release of cytochrome c include Ca 2+ , BAX, and Bid.
± 10
The mechanism(s) responsible for the release of cytochrome c from mitochondria in response to different inducing factors are not well characterized. Ca 2+ can, under certain conditions, induce the release of cytochrome c and other proteins from isolated liver mitochondria by a mechanism that involves increased permeability of the inner membrane to small solutes, osmotic swelling of the mitochondrial matrix, and physical disruption of the outer membrane.
11 ± 15 Under conditions where this Ca 2+ -induced swelling phenomenon is inhibited by the immunosuppressive agent cyclosporin A (CsA), the process is normally defined as the membrane permeability transition (MPT). 16 ± 19 We questioned the relevance of the MPT to Ca 2+ -induced release of cytochrome c in situ within intact cells, since physiological levels of adenine nucleotides and Mg 2+ are potent inhibitors of the MPT. 6, 20 The MPT also results in a dramatic decrease in the high electrical potential (DC) that normally exists across the mitochondrial inner membrane, and several laboratories have reported little if any drop in DC prior to the release of cytochrome c into the cytosol during apoptosis. 21 ± 23 We reported previously that 540% of cytochrome c present within isolated brain mitochondria can be released in response to the energy-dependent accumulation of exogenous Ca 2+ in the presence of physiologic concentrations of ATP and Mg 2+ by a mechanism that is not accompanied by mitochondrial swelling and that is not inhibited by cyclosporin A. 6 However, several laboratories have reported that brain mitochondria are relatively resistant to the MPT under a variety of conditions in vitro. 6, 24, 25 The present study, directly comparing Ca 2+ -induced cytochrome c release from isolated brain and liver mitochondria, was undertaken to test the hypothesis that both MPT-dependent and independent mechanisms can be responsible for cytochrome c release, depending on the tissue from which the mitochondria are isolated.
Results
The mitochondrial membrane permeability transition is normally accompanied by mitochondrial swelling, a precipitous drop in DC, and the spontaneous release of accumulated Ca 2+ . Simultaneous measurements of these events after the addition of different Ca 2+ levels to suspensions of isolated rat liver and brain mitochondria are described in Figure 1 . spaces and highly condensed matrix space. We also tested the relative ability of liver and brain mitochondria to swell when both were exposed to alamethicin, an artificial pore former that can cause mitochondrial swelling similar to that associated with the MPT. 6 As seen in Figure 2C ,F, both liver and brain mitochondria underwent large amplitude swelling approximately equivalent to that observed with liver mitochondria exposed to Ca 2+ . These results confirm that brain mitochondria are capable of coloidosmotic swelling when there is a substantial increase in the solute permeability of their inner membrane but that no detectable swelling occurs after accumulating very large loads of Ca 2+ in the presence of ATP and Mg 2+ . At the end of the experiments described in Figure 1 , each mitochondrial suspension was rapidly centrifuged. The resulting supernatants and selected pellets were used for immunoblot determinations of cytochrome c. As shown in Figure 3 , in the absence of added Ca 2+ , there was no significant release of liver mitochondrial cytochrome c into the medium (i.e., supernatant). In comparison to the total cytochrome c present in the supernatant plus the mitochondrial pellet, the extramitochondrial cytochrome c represented 51% of the total. However, there was a detectable release of cytochrome c after the addition of 0.1 mmol Ca 2+ mg 71 protein, and more extensive release at 0.3 ± 3.2 mmol Ca 2+ mg 71 . More than 80% of the total cytochrome c was released after the addition of 3.2 mmol mg 71 (mean+S.E.=81+8%, n=3). Notice that the amount of cytochrome c released appeared to be maximal after the addition of 0.5 mmol Ca 2+ mg 71 , which is the highest amount of added Ca 2+ that the mitochondria could completely accumulate ( Figure 1 ). Figure 3 also describes the immunoblot determinations of cytochrome c released from rat brain mitochondria at the end of the experiments shown in Figure 1 . There was detectable cytochrome c in the supernatant after incubation in the absence of added Ca 2+ ; however, when compared to the content of the mitochondrial pellet, it was less than 5% of the total. Further release of cytochrome c occurred after Figure 2 Electron micrographs of rat liver and brain mitochondria in the absence and presence of exposure to Ca 2+ or to the pore-former alamethicin. At the end of incubations such as those described in Figure 1 , suspensions of either rat liver mitochondria (A ± C) or rat brain mitochondria (D ± F) were centrifuged and processed for electron microscopy. Ca 2+ was added at a level of 2.1 mmol mg 71 protein (B,D). Alamethicin was added at a concentration of 40 mg mg 71 protein (C,E) Figure 3 Western immunoblots of cytochrome c in suspensions of mitochondria exposed to different levels of Ca 2+ . At the end of the experiments shown in Figure 1 , mitochondrial suspensions were centrifuged and the supernatants (s) and pellets (p) used for immunoblot determinations of cytochrome c (see Materials and Methods). Although direct visual comparisons can be made of cytochrome c bands among different supernatants or among different pellets, differences in dilutions for the supernatants vs the pellets precludes direct comparisons between these fractions. Semi-quantitative, densitometric analysis of band intensities were made and corrected for dilution of the samples. Figure 1 . In contrast to liver mitochondria, the maximum level of cytochrome c that could be released from brain mitochondria by Ca 2+ under these conditions was less than 30% of the total, even at 3.2 mmol Ca 2+ mg 71 protein (mean+S.E.=25+4%, n=3). We previously reported that the release of cytochrome c from brain mitochondria in response to the addition of high levels of Ca 2+ was insensitive to the MPT inhibitor cyclosporin A. 6 As a further test of the mechanisms involved in Ca 2+ -induced cytochrome c release from both brain and liver mitochondria, we measured the release of cytochrome c in suspensions of both types of mitochondria in the absence and presence of MPT inhibitors after the addition of a relatively low and a relatively high level of Ca 2+ (Figure 4 
Discussion
The release of cytochrome c from mitochondria into the cytosol is thought to be a key event in the formation of the apoptosome and the initiation of the caspase cascade in many, but not all, apoptotic cell death paradigms.
1 As apoptosis and mitochondrial dysfunction are known to contribute significantly to neuronal death in both acute neurodegenerative disorders, e.g., global and focal ischemia and traumatic brain injury, and in chronic neurodegenerative diseases, e.g., Alzheimer's and Parkinson's diseases, 26 the involvement of mitochondrial dysfunction in neural cell apoptosis is being actively investigated. 27 Particular attention has focused on the effects of Ca 2+ on brain and neural cell mitochondria, as substantial evidence indicates that mitochondrially accumulated Ca 2+ rather than cytosolic Ca 2+ is the most important determinant of excitotoxicity. 28 ± 31 Evidence also suggests that mitochondrial Ca 2+ accumulation at least contributes to the early induction of molecular cell death cascades in several different paradigms. 32, 33 Our previous observations using isolated rat forebrain and canine frontal cortex mitochondria indicated that Ca 2+ elicits the release of cytochrome c in vitro by a mechanism that is not associated with mitochondrial swelling and that is not inhibited by the MPT inhibitor cyclosporin A. 6 Most of these experiments were conducted in the presence of physiologically realistic concentrations of ATP and Mg 2+ that are known to inhibit the MPT in various types of mitochondria. However, we also observed a lack of inhibition of cytochrome c release from brain mitochondria by cyclosporin A in the absence of these inhibitors where the MPT was demonstrated to be active. These results suggested that an MPT-independent mechanism of Ca 2+ -induced cytochrome c release was operative with isolated brain mitochondria. Although a number of studies have documented the role of either large-amplitude swelling or, more recently, the cyclosporin A-sensitive MPT in mediating Ca 2+ -induced cytochrome c release from isolated liver mitochondria, virtually all of these experiments have been performed under in vitro conditions that favor the induction of the MPT. 3 ± 5,7 We therefore conducted the present study to provide a direct comparison of the release of cytochrome c from liver vs brain mitochondria under conditions that are at least somewhat inhibitory toward the MPT but are more physiologically realistic than those commonly employed with isolated mitochondria.
The measurements of light scattering, DC, and Ca 2+ movements described in Figure 1 indicate that even in the presence of mM concentrations of ATP and Mg 2+ , liver mitochondria can undergo a typical MPT which is dependent on the amount of mitochondrially accumulated Ca 2+ . In contrast, under identical conditions, brain mitochondria accumulate and retain much more added 
Ca
2+ in the absence of the decrease in light scattering indicative of swelling. The accumulation of large loads of Ca 2+ by brain mitochondria does result in a decrease in DC; however, this change is not associated with the release of accumulated Ca 2+ and is due to factors other than the induction of the classical MPT. Although the comparisons made in the present study were conducted in the presence of the oxidizable substrate succinate, we have reached similar conclusions for brain mitochondria respiring on the NADH-linked substrates malate plus glutamate. 6 The classical MPT exhibited by liver mitochondria can occur in the presence of either FADH2-or NADHlinked substrates. However, evidence that there is a direct involvement of the mitochondrial NADH-CoQ oxidoreductase (Complex I) in regulating MPT warrants future studies comparing cytochrome c release from liver and other types of mitochondria utilizing different respiratory substrates. 34 Further evidence that the MPT was evoked by Ca 2+ in liver but not brain mitochondria comes from the electron micrographs shown in Figure 2 . Although both Ca 2+ and the artificial pore former alamethicin both caused an approximate 400% increase in the two dimensional area occupied by individual rat liver mitochondria, there was no increase in the size of brain mitochondria exposed to Ca 2+ , but a 400% increase in mitochondrial area after exposure to alamethicin.
Under the conditions used in our study, approximately 80% of the total cytochrome c could be released from liver mitochondria after the addition of Ca 2+ . This efflux of cytochrome c was Ca 2+ dose-dependent with substantial extramitochondrial cytochrome c evident at a level of added Ca 2+ equivalent to 0.3 mmol mg 71 protein. Maximal release occurred at approximately 0.5 mmol Ca 2+ mg 71 , which is approximately the maximum Ca 2+ uptake capacity for liver mitochondria under these conditions. Substantial cytochrome c was also released from brain mitochondria at 0.3 mmol Ca 2+ mg 71 protein, which is less than 10% of the maximum amount of Ca 2+ they can accumulate under these conditions. Although it is difficult to determine if cytochrome c release was saturated at 0.3 mmol Ca 2+ mg 71 , it is clear that there was not extensive additional release after the accumulation of much more Ca 2+ . The observation that the maximal amount of cytochrome c that could be liberated from brain vs liver mitochondria was 25 vs 80% of the total present indicates that the Ca 2+ releaseable pool and the mechanisms of release are different for the two types of mitochondria.
Additional evidence that the cytochrome c release mechanisms are different for liver vs brain mitochondria comes from the immunoblots described in Figure 4 indicating that the MPT inhibitor cyclosporin A can largely or completely inhibit release from liver mitochondria but has no effect on release by brain mitochondria. In addition to these results arguing against the role of the MPT in mediating Ca 2+ -induced cytochrome c release from brain mitochondria, they also indicate that the MPT is at least the primary mechanism responsible for Ca 2+ -mediated release from liver mitochondria. Although the residual cytochrome c release apparent with liver mitochondria in the presence of cyclosporin A at 2.1 mmol Ca 2+ mg 71 protein could be interpreted to be due to an MPTindependent mechanism, most of this extramitochondrial cytochrome c was eliminated by the further addition of 3 mM ADP, which is also known to inhibit MPT. Therefore, the mechanism responsible for Ca 2+ -induced cytochrome c release from liver mitochondria is the MPT even when release is measured in the presence of physiological concentrations of ATP and Mg 2+ that suppress MPT activity.
The striking difference between the characteristics of Ca 2+ -evoked cytochrome c release from liver and brain mitochondria may help explain some of the discrepancies that have been observed in apoptotic cell paradigms. Although several studies have demonstrated a substantial drop in DC concurrent with intracellular cytochrome c redistribution and (or) inhibition by cyclosporin A of cytochrome c release in situ within cells in the early stages of apoptosis, 15, 35 a number of other studies have found no evidence for mitochondrial swelling or other measures of the MPT until after cytochrome c is released and caspases are activated. The findings that brain mitochondria are relatively resistant to the MPT together with our observations that cytochrome c is released from brain mitochondria by an MPT-independent mechanism suggests that mitochondria from other tissues and cells may also share similar characteristics.
Different mechanisms of cytochrome c release may explain variations in the response of mitochondria in different cell systems to apoptotic stimuli and may also explain differences in the degree to which MPT inhibitors like cyclosporin A are capable of interfering with apoptosis. The lack of sensitivity of isolated brain mitochondria to cyclosporin A is, however, apparently inconsistent with the reported neuroprotective effects of this drug in animal models of cerebral ischemia and hypoglycemia. 43, 44 It is therefore possible that the permeability transition is more active in brain mitochondria as they exist in situ within neural cells and tissues. It is also likely that the potential for involvement of the MPT varies between neuronal and non-neuronal brain cells and between cellular subtypes. For example, we observe a robust MPT in digitonin-permeabilized cortical astrocytes in the presence of ATP and Mg 2+ that is not apparent in permeabilized cerebellar granule neurons. 45 Friberg et al. 46 recently reported differences in the sensitivity to MPT by non-synaptosomal mitochondria isolated from different regions of the rat brain. These differences were observed in the absence of exogenous Mg 2+ and adenine nucleotides and attributed to variations in endogenous adenine nucleotides present in isolated mitochondria. As mitochondrial proteins, e.g., Bcl-2 and cyclophilins, can additionally affect the sensitivity of mitochondria to the MPT and to other Ca 2+ -evoked responses, 47 ± 50 relationships between the levels of such proteins and Ca 2+ -induced cytochrome c release among different types of mitochondria should also be pursued. The mechanism by which the MPT evokes cytochrome c release from either isolated mitochondria or mitochondria present within cells is most likely due to the physical rupture of the mitochondrial outer membrane that occurs in response to the expansion of the normally highly invaginated inner membrane. 5,13 ± 15 The MPT-independent mode of cytochrome c release exhibited by isolated brain mitochondria could be mediated by a limited, albeit swelling-independent disruption in the continuity of the outer membrane. This disruption could potentially occur as a consequence of Ca 2+ -stimulated phospholipase activity. 51 Although phospholipase inhibitors were not included in our experiments, the fact that brain mitochondrial cytochrome c is not released by exogenous Ca 2+ in the absence of transport into the matrix argues against the direct involvement of phospholipase activity in outer membrane permeability changes. 6 Alternatively, release of cytochrome c might be mediated by activation of a pore in the outer membrane that is large enough for the passage of cytochrome c. The most likely known candidate for such a pore is mitochondrial porin, also known as the voltage dependent anion channel (VDAC). Porin has an internal pore diameter of approximately 2.8 ± 3.0 nm whereas the dimensions of native cytochrome c are approximately 3.063.4 nm. 52 Cytochrome c has been demonstrated to bind to porin and, in light of porin's b-barrel structure, such binding could possibly induce a conformational change sufficient to allow cytochrome c through the pore. 52 The findings that the anti-apoptotic protein Bcl-2 inhibits Ca 2+ -induced cytochrome c release 36, 37 and that Bcl-2 is colocalized with porin at mitochondrial inner-outer membrane contact sites 54 are further indications that porin may be involved in the apoptotic cytochrome c release phenomenon. The recent study by Shimizu et al. 53 supporting the role of VDAC in cytochrome c release elicited by the binding of BAX to mitochondria provides additional support for assessing its role in Ca 2+ -induced cytochrome c release.
Materials and Methods

Isolation of mitochondria
Liver mitochondria were prepared from male Sprague Dawley rats that had been fasted overnight. The procedure was a slight modification of the method of Schnaitman and Greenwalt 55 where the pH of the isolation media was maintained at 7.2. Rat brain mitochondria were isolated according to the procedure of Rosenthal et al. 56 yielding a mixture of non-synaptosomal plus synaptosomal mitochondria. In brief, the pellet from the first 12 0006g centrifugation that contains non-synaptosomal mitochondria plus synaptosomes is treated with a low concentration of digitonin (0.01%) to disrupt the cholesterol-rich synaptosomal membranes, releasing the mitochondria trapped within. Additional differential centrifugation is employed to further purify the mixture of mitochondria. Mitochondrial protein was determined by a modified biuret reaction. 57 Mitochondria so isolated exhibit excellent respiratory rates and respiratory control ratios compared to brain mitochondria isolated by other procedures. 56 Measurements of mitochondrial volume changes, membrane potential (DC) and Ca 2+ transport
Mitochondria were incubated at 378C at 0.5 mg protein ml 71 in medium containing 125 mM KCl, 2 mM K 2 HPO 4 , 3 mM ATP, 4 mM MgCl 2 , 5 mM HEPES-KOH (pH 7.0) and 5 mM succinate plus 2 mM rotenone. Mitochondrial volume changes were followed by measuring the light scattering of suspensions via the absorbance of light at 660 nm. In some experiments, relative volumes were compared using transmission electron microscopy. Centrifuged samples of the mitochondrial suspensions were fixed overnight in a solution containing 4% formaldehyde plus 1% glutaraldehyde, and postfixed in 1% osmium tetroxide. Dehydration was performed in a series of ethanol and propylene oxide extractions, prior to sample embedding in Polibed 1 812. Sections were cut at 0.1 mm and stained with uranyl acetate plus lead citrate. Electron micrographs were obtained using a JOEL 1200 EX electron microscope. Mitochondrial transmembrane potential was monitored simultaneously with light scattering using a TPP + -selective electrode and 2 mM TPP-Cl. Ca 2+ fluxes were also monitored simultaneously using a Ca 2+ -selective electrode to measure changes in the medium [Ca 2+ ].
Measurements of cytochrome c release
For measurements of cytochrome c, an aliquot of the experimental suspension was centrifuged at 13 0006g for 2 min. An 0.75 ml aliquot of supernatant was carefully removed and supplemented with 15 ml of Protease Inhibitor Cocktail (Sigma), frozen on dry ice and stored at 7708C. The mitochondrial pellet was resuspended in 1 ml of the medium and stored likewise. Comparison of results obtained following centrifugation of suspensions at 2, 5, and 10 min verified that complete mitochondrial sedimentation occurred after 2 min. For immunoblots, 16 ml aliquots of the samples (diluted to 0.12 mg mitochondrial protein ml 71 for the pellets) were run on to 4 ± 20% Tris-Glycine gradient gels. Proteins were electrotransferred to PVDF membranes, that were then rinsed with imidazole-buffered saline with 0.02% Tween 20 (Kirkegaard & Perry Labs, MD, USA) buffer and blocked overnight in buffer supplemented with 1% BSA and 1% dry milk. Cytochrome c was immunostained with primary 7H8 mouse anti-cytochrome c antibody (PharMingen) plus secondary anti-mouse Ig bound to horseradish peroxidase (Amersham) (1 : 2000 dilution each). Peroxidase activity was detected using Enhanced ChemiLuminescence detection kit (Amersham) and X-ray film. Band intensities were analyzed densitometrically using GelExpert system (NucleoTech). Semiquantitative comparisons were made between the band intensities measured for samples obtained under different experimental conditions.
